Abstract Nitrate removal from water has been accomplished by heterotrophic biofilms using organic carbon as a source of reducing power. To overcome the natural limitation in organic carbon in water, a poly-e-caprolactone based biofilm carrier that serves simultaneously as a biofilm carrier and as a source of organic carbon was developed and tested in the present work. The feasibility of the new biofilm carrier for nitrate removal from water was evaluated in a packed bed reactor. The combination of size and structure provided a carrier element having high surface area and void volume, 1,170 m 2 /m 3 and 67 %, respectively. A maximum denitrification rate of 4.4 mg N-NO 3 -/(L.h) (9.2 mg N-NO 3 -/(m 2 .h)) was achieved in the packed bed reactor at 20°C and pH 7.0. Main advantages of the biofilm carrier developed in the present work are its mechanical stability in water even after biofilm formation and controlled release of organic carbon by enzymatic reactions. The proposed biotechnology to remove nitrate from groundwater is robust and easy to operate.
Introduction
Nitrate is a persistent pollutant in the environment according to the European Environment Agency and the US Environmental Protection Agency (EEA 2007; USEPA 1993) . Water quality of surface-and groundwater has been impaired by high concentrations of nitrate resulting from anthropogenic activities, such as the intensive use of nitrogen fertilizers and the application of manure on land-farming ). Besides the environmental impact, high concentrations of nitrate in the water have negative effects in health and are associated with diseases such as stomach cancer and methemoglobinemia (Wolfe and Patz 2002) . These risks led to the adoption of a stringent limit for nitrate concentration in potable water of 50 mgNO 3 -/L in different world countries (Drinking Water Directive 98/83/EC; WHO 2008) .
Nitrate pollution can be mitigated using both reduction of environmental release and treatment of contaminated water. Several processes have been described in literature to reduce the concentration of nitrate in water. Well-established water treatment processes such as lime softening and filtration are not the most adequate to remove nitrate from water because nitrate is a stable and highly soluble ion with low potential for adsorption or co-precipitation (Heredia et al. 2006) . Physical and chemical processes such as reverse osmosis, ion exchange and electrodialysis are considered the best available technologies (BAT) to treat nitrate-contaminated water (Haugen et al. 2002) . In spite of the high efficiency to remove nitrate, BATs are expensive and present an elevated technological complexity (Della Rocca et al. 2007 ) compared to biological nitrate removal (Robertson et al. 2000; Su and Puls 2006; ). Nitrate can be reduced mainly to dinitrogen gas by the activity of heterotrophic bacteria using organic carbon as the source of electrons (Rivett et al. 2008) . This process, known as denitrification, is an important step in the nitrogen cycle in natural systems (Martins et al. 2011) , as for example soil, sediments and aquifers, and it has been used extensively in water treatment (Magram 2010) and in the tertiary treatment of wastewater (WEF 2009). Denitrification involves four sequential steps catalyzed by reductase enzymes that reduce nitrate to molecular nitrogen, with nitrite, nitric oxide and nitrous oxide as intermediates. Incomplete denitrification is a potential contributor to nitrous oxide (N 2 O) production which is one of the main greenhouse gases as reviewed by Kampschreur et al. (2011) . A comprehensive review of the denitrification process was not in the scope of this work and can be found elsewhere (Bothe et al. 2007; Wallenstein et al. 2006) .
Typically, contaminated water with nitrate is severely limited in organic carbon and the addition of an external soluble carbon source (e.g. acetic acid, sucrose, ethanol and methanol) has been the usual procedure to achieve denitrification (Gomez et al. 2000; Rivett et al. 2008) . The main disadvantages associated with the use of liquid carbon sources are the need of a dosing system and the risk of additional contamination of the water with easily degradable organic carbon. Recently, solid carbon sources (e.g. chitin, cotton, sawdust, wheat straw, poly-b-hydroxybutyrate, poly-e-caprolactone, and polylactic acid) that simultaneously serve as a biofilm carrier and as a source of organic carbon for denitrification were tested mainly at laboratory scale (Hiraishi and Khan 2003; Della Rocca et al. 2005; Della Rocca et al. 2007; Soejima et al. 2010) . The use of cotton provided a good nitrate removal performance, but total organic carbon was consistently released to the water (Della Rocca et al. 2005) . A performance decrease in the denitrification of reactors packed with raw cotton and wheat straw solid carbon sources was reported in literature, mainly due to compression and subsequent loss of permeability of the bed during testing (Soares et al. 2000; Aslan and Turkman 2005; Della Rocca et al. 2005) . Biodegradable polymers such as poly-b-hydroxybutyrate and poly-e-caprolactone can be interesting alternative solid carbon sources to cotton and wheat straw because they are relatively resistant to compression and can be extruded with a desirable shape to maximize surface area and porosity of the bed.
Biofilm systems, namely packed bed reactors, have been frequently used in nitrate removal from water (Magram 2010 ). The present study evaluated the performance of a new poly-e-caprolactone biofilm carrier for nitrate removal from water in a packed bed reactor. Poly-e-caprolactone served as a carrier for biofilm growth as well as a carbon source. The geometry of the new carrier combined a high specific surface area for biofilm formation with a high porosity of the bed to avoid clogging problems.
The present study was carried out from 4 July to 30 December 2011 in both Department of Polymers and Department of Biological Engineering of University of Minho.
Materials and methods
Preparation and characterization of poly-e-caprolactone based carriers
The poly-e-caprolactone (PCL) based biofilm carrier used in this study was developed in the Institute for Biotechnology and Bioengineering (IBB) and Institute for Polymers and Composites (IPC) of University of Minho, Portugal. PCL is a biodegradable aliphatic polyester derived from petroleum. The carrier was designed both to maximize the surface area in contact with the water and to minimize the resistance to the water flow in the carriers' bed even after biofilm growth on the surfaces. In this way, it is expected to have active biofilms and prevent clogging of the bed. The carrier's geometry is cylindrical with fourteen projections centrally joined by a septum forming twelve cavities (Fig. 1a) ; the length and the diameter are 10 ± 2.00 mm and 17 ± 2.00 mm, respectively. The PCL CAPA FB100 used in this work was kindly supplied by Solvay. PCL carriers were prepared by extrusion in a laboratory modular co-rotating twin-screw extruder (Leistritz LSM 30.34). The carrier's density is 750 kg/m 3 and the specific surface area is 1,170 m 2 /m 3 (0.18 dm 2 /carrier).
Packed bed reactor
A polyacrylic column (1.04 m long, 0.042 m inner diameter) was entirely packed with PCL carriers. The void volume of the packed bed reactor was 67 %. The reactor was fed with mineral medium, as previously described in Rodrigues et al. (2012) , with increasing concentrations of nitrate (10, 20, 30, 40 and 50 mgN-NO 3 -/L) during 70 days. The range of nitrate concentrations tested included those frequently found in contaminated aquifers (ITRC 2002) . The pH was adjusted to 7.0 and a microbial mixed culture was used as inoculum. The packed bed reactor was fed in an upflow mode with a liquid velocity of 0.08 m/h, corresponding to a flow rate of 1.8 mL/min regulated by a peristaltic pump (Watson Marlow 101R). To establish anoxic conditions in the packed bed reactor, the medium was flushed with N 2 . All experiments were conducted at room temperature of 20 ± 1°C.
The residence time distribution curves in the packed bed reactor without (clean PCL carriers) and with biofilm (after 70 days of operation) were determined with the pulse tracer method according to Albuquerque and Santana (2004) using blue dextran as tracer. Adsorption of blue dextran on the PCL carriers was determined to be negligible (data not shown). The dimensional residence time distribution (RTD) curves were calculated with the experimental data. The moment method was used to estimate the first moment on the origin l m (mean residence time) and the second moment on the measuring point r 2 (variance) of the RTD curves. The degree of dispersion and the extension of dead-volumes were evaluated by the characteristic parameters of the Multiple-Tanks-in-Series model: N, the number of tanks in series, and V m , the ratio of dead-volume over total effective volume. Both parameters were estimated by curve-fitting the experimental results with the multi-purpose, nonlinear, least-square meter's method (Albuquerque and Santana 2004) . The quadratic error was calculated for a better comparison of the results.
Sampling and analytical methods
Samples were collected in the inlet and in the outlet of the packed bed reactor and filtered with a 0.45 lm filter (514-4,156 membrane disc filters Supor-450, VWR) before analytical determinations. Nitrate and nitrite were measured by spectrophotometric methods according to Standard Methods (APHA et al. 1998) . Soluble e-caprolactone was measured by high performance liquid chromatography (HPLC, Knauer) with a UV-vis detector. Total organic carbon (TOC) was determined by the combustion-infrared method (Rodrigues et al. 2009 ) using a Shimadzu TOC-5000A analyzer (Labonal, Portugal). The biofilm formed on PCL carriers was quantified according to Rodrigues et al. (2010) in the end of the experiments. Briefly, the biofilm was sampled by removing several carriers from the packed bed reactor and placing them aseptically into a falcon tube containing 40 mL of a sterile buffer solution (Ringer's solution). The tube was vigorously vortexed for 5 min, sonicated for 15 min in a sonication bath (Model SC-52) and vortexed again for 5 min. Subsequently, the clean carriers were removed, dried (room temperature) and weighted. The biofilm suspension was then homogenized for 20 min using a tissuemizer with SBS-dispensing tool (model AV 5). The biofilm suspension was used to assess the amount of biofilm expressed as volatile suspended solids (VSS) and determined by a gravimetric method according to standard methods (APHA et al. 1998) . The decrease in mass of the PCL carrier bed due to hydrolysis was assessed as the weight difference between the clean carrier bed and the carrier bed after biofilm removal in the end of the experiment. The gas composition in CO 2 , N 2 O and N 2 was determined by gas chromatography (GC Chrompack CP 9001). Measurements were made in duplicate.
Results and discussion

Residence time distribution analysis
The results of the tracer experiments (Fig. 2) showed no significant changes in the bed hydrodynamics after colonization of the carrier by the biofilm. As it can seen in Table 1 , the mean residence time and the variance are quite similar. The dimensionless residence time values (l m,h ) obtained under both operating conditions (with and without biofilm) are above 1.0 indicating the presence of a significant longitudinal dispersion in the reactor. Regardless of the presence of the biofilm, the results also suggested retention of the tracer in the PCL carrier bed due to the presence of stagnant areas leading to a mean residence time (l m ) 80 % higher than the theoretical residential time (s). The presence of stagnant areas was also observed in other packed bed reactors described in literature (Albuquerque and Bandeiras 2010) . The degree of dispersion was high along the bed length for both operating conditions (with and without biofilm) as indicated by a N value (number of tanks in series) of 2, with similar quadratic errors (0.27). As the N value is low, it can be admitted mixing conditions especially at the entrance of the reactor, which is an area subjected to high hydrodynamic disturbance due to the proximity to the feeding point. Thus, the delay in the exit of the tracer observed in both curves depicted in Fig. 2 might have been associated with stagnant areas. The dead-volume ratio (V m ) was not significant for both experiments (\1 %), and, therefore, the presence of the biofilm had no effect in developing dead-volumes during the experimental period (70 days).
Denitrification in a biofilm bed packed with PCL carriers
The biofilm layer formed on the carrier's surface could be seen with naked eye and presented a brownish colour, as it can be observed in Fig. 1b . The biofilm's VSS increased from 0.89 g VSS/m 2 (0.08 g VSS/L) to 1.67 g VSS/m 2 (0.15 VSS g/L) after 70 days of operation of the packed bed reactor. The suspended biomass's VSS at the reactor's outlet was very low (0.03 g/L). The decrease in mass of the PCL carrier was 0.03 g in 70 days of operation of the reactor corresponding to 0.03 %/day. The biofilm carrier maintained a stable structure in water even after biofilm formation and no biomass clogging of the packed bed reactor was observed during the experimental period. These are two advantages of the biofilm carrier presented in the present study compared to others previously described in literature. Previous studies done with other solid carbon sources such as cotton and newspaper showed that these materials were susceptible to compression with the subsequent loss of permeability of the packed bed reactor (Volokita et al. 1996; Soares et al. 2000; Della Rocca et al. 2005 ).
The effect of the nitrate load was studied by changing the inlet nitrate concentration in five subsequent steps from 10 to 50 mg N-NO 3 -/L (Fig. 3) . To secure stable operating conditions after an increase in the inlet nitrate concentration, a minimum period of 2 weeks with similar outlet nitrate concentrations was awaited. Complete nitrate removal was achieved in the packed bed reactor for nitrate concentrations in the range of 10-40 mg N-NO 3 -/L. However, when a concentration of 50 mg N-NO 3 -/L was tested, the nitrate concentration in the outlet increased to 10 mg/L N-NO 3 -and remained constant until the end of the experimental time.
The maximum nitrate removal rate achieved in the packed bed reactor was 9.2 mg N-NO 3 -/(m 2 h) at 20°C; this value can be alternatively expressed per unit of reactor's volume as 4.4 mg N-NO 3 -/(L h) or per unit of biomass in the reactor as 131 mg N-NO 3 -/(g VSS day). The concentration of nitrite was below 0.02 ± 0.01 mg N-NO 2 -/L and increased slightly to 0.06 ± 0.03 mg N-NO 2 -/L for an inlet nitrate concentration of 50 mg N-NO 3 -/L (Fig. 3 ). The gas composition analyses showed that the values of N 2 O were below 1.9 % for inlet nitrate concentrations between 10 and 40 mg N-NO 3 -/L, and slightly higher 5.8 % for 50 mg N-NO 3 -/L. According to Fernandes et al. (2010) , physical, chemical, biological and environmental factors like temperature, pH, organic carbon availability, and composition of the denitrifying community play an important role in N 2 O production. Rassamee et al. (2011) reported that the presence of nitrite, resulting from process disturbance and abrupt changes in a lab-scale sequencing batch reactor fed with real municipal wastewater, is required for N 2 O production by heterotrophic denitrifying bacteria. In the present study, it was not possible to conclude about the factor that induced an increase in the emission of N 2 O because the increase in nitrite concentration after a change in the nitrate load was not significant.
The concentration of soluble e-caprolactone was below 0.54 mg/L (0.15 mg/L of TOC) for nitrate concentrations lower than 40 mg N-NO 3 -/L, achieving zero for concentrations of 40 and 50 mg N-NO 3 -/L. These results suggested a limitation of nitrate for concentrations lower than 40 mg N-NO 3 -/L and a limitation of carbon for higher nitrate concentrations (Fig. 4) . It can be concluded that the PCL biofilm carrier used in the present study did not contaminate the water with organic carbon since the maximum value of soluble TOC (0.15 mg/L) is lower than the limit (4 mg/L) set by USEPA (1998) for drinking water.
Comparison with literature values
Several solid carbon sources were used in water denitrification, as discussed below. In a study of heterotrophic denitrification of nitrate-rich drinking water, Volokita et al. (1996) reported a maximum volumetric nitrate removal rate of 1.54 mg N-NO 3 -/(L h) at 25°C using newspaper shredded to ribbons (0.4 cm width) as a carbon source. Using wheat straw, Soares and Abeliovich (1998) obtained a maximum volumetric nitrate removal rate of 2.21 mg N-NO 3 -/(L h) at 25°C which is higher than that of the study done with newspaper. Della Rocca et al. (2005) reported a maximum volumetric nitrate removal rate of 1.0 mg N-NO 3 -/(L h) at 27°C with raw cotton as carbon source that is the lowest value reported in literature, to the author's best knowledge. Information on the available specific surface area of the organic carbon sources tested was not available. The maximum nitrate removal rate obtained in the present study (4.4 mg N-NO 3 -/(L h)) is considerably higher than the values above-mentioned. These differences can be attributed to both carbon availability that strongly depends on the composition of the source of organic carbon and the specific surface area available for biofilm formation. A high specific surface area enhances microbial adhesion, and therefore, enzymatic hydrolysis of the polymers. A disadvantage of the above-mentioned studies was the need of a post-treatment of the water coming from the denitrification process (e.g. powdered activated carbon, sand filter) to decrease colour and the concentration of dissolved organic carbon to values lower than 4 mg/L. The present higher cost of poly-e-caprolactone compared to a soluble organic carbon source might hinder a generalised application of this biopolymer in the denitrification process. reported a maximum volumetric nitrate removal rate of 9.41 mg N-NO 3 -/(L h) at 30°C with PCL as the carbon source in groundwater contaminated with nitrate. They studied the effect of the temperature on the volumetric nitrate removal rate and obtained a temperature constant of 0.068 in the range of 10-30°C. Comparing the volumetric nitrate removal rate obtained by 
-/(L h), with that of the present study, 4.4 mg N-NO 3 -/(L h), it can be concluded that the literature value is more or less 50 % lower. In an aquaculture system, Boley et al. (2000) reported values of the volumetric nitrate removal rate in the range of 21-166 mg N-NO 3 -/(L h) or 20-160 mg N-NO 3 -/(m 2 h), at 25°C that are considerably higher than those previously reported both in literature and in the present study. These results cannot be explained by the above-mentioned effect of the temperature in the nitrate volumetric removal rate. One possible explanation is that the PCL used in the different studies have different physical and chemical properties. According to literature, it is well known that the biodegradability decreases with the increase of the molecular weight and the degree of crystallinity of the polymers (Tokiwa et al. 2009 ). This explanation is speculatory and could not be checked due to missing information in literature. Another explanation is associated with the composition of the water; in the aquaculture system described by Boley et al. (2000) , the feed given to the fish contains organic carbon that might have been used for additional nitrate removal.
Conclusion
The combination of size and structure of the poly-e-caprolactone based biofilm carrier provided high surface area and void volume 1,170 m 2 /m 3 and 67 %, respectively. A maximum denitrification rate of 9.2 mg N-NO 3 -/(m 2 h) was achieved in the packed bed reactor for an inlet nitrate concentration of 40 mg N-NO 3 -/L at 20°C, pH 7.0 and hydraulic retention time of 7.6 h. The reaction was nitrate limited for inlet concentrations lower than 40 mg N-NO 3 -/L and carbon limited for higher nitrate concentrations. Main advantages of this product are its mechanical stability and controlled release of organic carbon by enzymatic reactions avoiding water contamination and clogging of the bed. A practical aspect related to the operation of a facility using a solid carbon source is the elimination of the carbon dosing system, which facilitates operation. The major disadvantage of biodegradable polymers is its higher cost compared to that of methanol and ethanol.
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